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ABSTRACT 

Since the initial discovery of the catalytic capability 
of short DNA fragments, this peculiar enzyme-like 
property (termed DNAzyme) has continued to 
garner much interest in the scientific community 
because of the virtually unlimited applications in de- 
veloping new molecular devices. Alongside the 
exponential rise in the number of DNAzyme applica- 
tions in the last past years, the search for conveni- 
ent ways to improve its overall efficiency has only 
started to emerge. Credence has been lent to this 
strategy by the recent demonstration that the 
quadruplex-based DNAzyme proficiency can be 
enhanced by ATP supplements. Herein, we have 
made a further leap along this path, trying first of 
all to decipher the actual DNAzyme catalytic cycle 
(to gain insights into the steps ATP may influence), 
and subsequently investigating in detail the 
influence of all the parameters that govern the 
catalytic efficiency. We have extended this study 
to other nucleotides and quadruplexes, thus 
demonstrating the versatility and broad applicability 
of such an approach. The defined exquisitely 
efficient DNAzyme protocols were exploited to 
highlight the enticing advantages of this method 
via a 96-well plate experiment that enables the 
detection of nanomolar DNA concentrations in 
real-time with the naked-eye (see movie as 
Supplementary Data). 

INTRODUCTION 

Alongside its fundamental role as repository of genetic 
information (1), DNA (2-4) has become in recent years 
a pivotal element for nanotechnological developments 
(5-7). Of particular importance are the enzyme-like 
properties that short oligonucleotides may display: this 



unusual activity was initially discovered in 1994 by 
Breaker and Joyce (8), when they demonstrated that 
short DNA fragments were effectual in promoting cata- 
lytic cleavage of RNA sequences they are associated with. 
This peculiar capability of DNA, initially called 'catalytic 
DNA' or 'DNA enzyme' activity, was subsequently 
termed deoxyribozyme or DNAzyme activity. A couple 
of years later, the scope of the DNAzyme process was 
extended far beyond the oligonucleotide cleavage activity 
by Li & Sen (9). upon the demonstration that DNA 
sequences (notably the 24-nucleotide PS5.M, vide infra) 
help catalyzing the metalation (copper, zinc) of some por- 
phyrins (chiefly mesoporphyrin IX) (10). In the course of 
their studies, the authors made this interesting observation 
that this catalytic activity was subject to competitive 
inhibition by an already metalated porphyrin like hemin, 
thereby making these short DNA fragments interesting 
hemin aptamers. They further studied this DNA/hemin 
interaction, subsequently demonstrating that the 
hemin-binding properties — and so, the catalytic profi- 
ciency — of the studied DNA relied on their ability to 
adopt an intramolecular G-quadruplex structure (11); 
indeed, single-stranded G-rich sequences, like PS5.M 
( 5 GTG3TCAT2GTG3TG3TGTG2 3 ), have been shown 
to fold into a higher-order structure composed of 
stacked G-quartets and nucleated by physiologically 
relevant cations (like K + ) (12-14). The curiosity made 
the authors investigating the possibility of the resulting 
quadruplex/hemin complex to display hemoprotein-like 
properties: they evaluated the ability of these complexes 
to facilitate the peroxidase-like H 2 02-promoted oxidation 
of a chromogenic substrate (2,2'-azino-bis(3-ethylben- 
zothiazoline-6-sulphonic acid), ABTS), and the observed 
catalytic activity provided the proof-of-concept that such 
system is capable of performing enzyme-like reactions 
(15). This pioneering work thus ushered in the modern 
era of what is nowadays called the 'DNA enzymology' 
field (5-7). 

Over the last decade, the quadruplex-mediated 
DNAzyme process found dozens of applications, mainly 
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as fluorescent, colorimetric or electrochemical sensors 
(16-18). Of particular interest among these applications 
was a method recently developed by Freeman et al. (19) 
to optically assess the activity of the telomerase (20-23): 
a closer look to this assay led us to delve into and de- 
cipher the quadruplex-mediated DNAzyme activity of 
multimeric quadruplexes (i.e. higher-order structures 
made of successive quadruplex units that result from the 
folding of long G-rich telomeric fragments) (24). In 
the course of our study, we found a way to improve the 
DNAzyme activities of both monomeric and multimeric 
quadruplexes by the use of a synthetic G-quartet (known 
as TASQ, for Template-Assembled Synthetic G-Quartet) 
(25,26), namely DOTASQ [for DOTA-templated 
Synthetic G-Quartet (27)]: the concomitant use of DNA 
and DOTASQ enables the hemin to be sandwiched at 
both extremities of quadruplex architectures, thereby 
being in a pocket whose hydrophobicity is optimal for 
catalyzing efficiently the peroxidatic process. The 
boosting effect of DOTASQ was efficient but modest 
(up to 6-fold) and enabled to lower the limit for reliable 
DNA detection at ~500 nM scale. 

Given the outstanding versatility of the DNAzyme 
applications (5-7,16-18), we believe that enhancing the 
peroxidatic activity of a quadruplex/hemin assembly 
may be highly useful. The above-mentioned DOTASQ 
approach is in this way interesting but suffers, despite its 
overall success, from two drawbacks: first, DOTASQ is 
itself a pre-catalyst for DNAzyme process (28), and con- 
sequently it is responsible for an elevated background 
reaction that makes the lowering of the detection limit 
hardly feasible; second, even if the chemical access of 
DOTASQ is straightforward (27), it is not commercially 
available, and consequently it will not be readily used in 
every common laboratories. Because we are convinced 
that it is worth finding efficient DNAzyme-enhancing 
agents, we decided to invest efforts to circumvent these 
drawbacks: results presented herein, which highlight the 
very positive role of ATP — and more generally of nucleo- 
tides — for boosting DNAzyme processes, are inspired by a 
recent report from D.-M. Kong and co-workers (29); ATP 
indeed fulfils the requirements of an ideal boosting agent 
since it is commercially available (from classical suppliers), 
cheap (~10€/g at the highest purity grade) and practically 
convenient (notably in terms of both chemical stability 
and water-solubility). However, the precise role played 
by ATP remains to be elucidated: on the basis of ABTS 
oxidation studies, Kong and co-workers have highlighted 
its radical cation stabilizing properties (ABTS' + being the 
final product of the catalysis) along with a rather 
ill-defined role of catalysis enhancer, also delineating its 
own trade-offs (notably its substrate- and quadruplex- 
dependency). 

To further investigate and decipher the precise impact 
of ATP — and beyond this, of nucleotide supplements — 
and also to delineate the limits of its (their) use as 
DNAzyme-boosting agents, we propose herein the follow- 
ing stepwise progression: (i) we will firstly try to unravel 
the confusion that swirls around the DNAzyme catalytic 
cycle, to gain more accurate insights into how ATP can 
enhance its proficiency; (ii) we will secondly presents the 



results of comprehensive efforts to experimentally assess 
the proposed hypotheses about the ATP putative roles, 
notably via a study extended to the other nucleotides; 
(hi) and finally, we will draw conclusions about the role 
of nucleotide supplements in the DNAzyme catalytic cycle 
and, on this basis, try to optimize their use to make the 
DNA detection the most efficient possible. 

MATERIALS AND METHODS 

UV-Vis experiments were carried out in a 96-well plate 
with a Thermo Scientific Multiskan GO microplate spec- 
trophotometer. Oligonucleotides (DNA and RNA) were 
purchased from Eurogentec (Belgium) in OligoGold 
purity grade at ~200nmol scale (purified by RP-HPLC), 
except for 46 AG and 70AG (at ~1000nmol, purified by 
IEX-HPLC and PAGE, respectively). Hemin, ABTS, 
3,3',5,5'-tetramethylbenzidine (TMB), adenosine 
diphosphate (ADP), nucleoside triphosphate (NTP) 
(N = A, T, C, G) were purchased from Sigma-Aldrich, 
and adenosine 5'-(P,y-imido)triphosphate (ADP-N-P) 
from Jena Bioscience; all the chemicals were used 
without further purification. 

Preparation of oligonucleotides 

DNA and RNA structures were prepared in a Caco.K 
buffer, composed of lOmM lithium cacodylate buffer 
(pH7.2) plus lOmM KCl/90mM LiCl by mixing the 
stock solutions (500 |iM in strands (except for TG4T at 
2mM in strands) in deionized water (18.2Mf2.cm)) with 
the ad hoc volume of lithium cacodylate buffer solution 
(100 mM, pH 7.2), a KCl/LiCl solution (100mM/900mM) 
and water. The final concentrations expected were 25 uM, 
and diluted aliquots (2.5 uM or 0.25 uM) were obtained by 
addition of Caco.K buffer. The actual concentrations, 
expressed in motif concentration, were evaluated via 
UV-Vis spectra analysis at 260 nm and 90°C, using the 
molar extinction coefficient value provided by the manu- 
facturer. The higher-order structures of the aliquots were 
obtained by heating the solutions at 90° C for 5min, 
cooling in ice for 6h to favour the intramolecular 
folding, and then were stored at least overnight at 4°C 
(except for the intermolecular TG4T obtained by heating 
the solution at 90°C for 5min, cooling at 65°C for 
120 min, 50°C for 90min, 35°C for 60min, 20°C for 
60min and finally stored at 4°C). 

DNAzyme experiments 

All the experiments were carried out at 25° C in a 200 uL 
volume with Caco.KTD buffer, composed of lOmM 
lithium cacodylate buffer (pH 7.2) plus 10 mM KC1/ 
90 mM LiCl, 0.05% Triton X-100, and 0.1% 
(dimethylsulfoxide (DMSO)). Stock solutions were 
hemin (100 uM in DMSO), ABTS (lOOmM in water), 
TMB (5mM in DMSO), H 2 0 2 (60 mM in water), nucleo- 
tides (NTP, ADP or ADP-N-P, 20 mM Caco.KTD) and 
DNA aliquots (25, 2.5 or 0.25 uM). All the experiments 
were compared with a control experiment ('background') 
composed of the same volume of hemin, H 2 0 2 , ABTS (or 
TMB) and ATP (or not, depending of the experiment), 
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completed with Caco.KTD up to 200 uL. The DNAzyme 
experiments were carried out with lOOnM DNA (25 uM 
stock solution), 1 uM hemin, 5 mM ABTS or 0.25 mM 
TMB, 6mM H 2 0 2 , with or without lOmM NTP, ADP 
or ADP-N-P, except for experiments carried out with 
variable amounts of 22AG: 0.2 nM to 200 nM of DNA 
aliquot (25, 2.5 and 0.25 uM stock solutions). Long-time 
experiments (24hrs) were carried out with 5nM (2.5 uM 
stock solution, with 5mM ABTS) or 100 nM DNA 
(25 uM stock solution, with 0.25 mM TMB), 1 iiM 
hemin, 0.6 mM or 6mM H 2 0 2 (for ABTS or TMB condi- 
tions, respectively) and lOmM ATP or CTP. 

Data treatment 

The characteristic UV-Vis signals for oxidized ABTS 
(Abs@420 nm) and oxidized TMB (Abs@652nm and 
Abs@450nm for the intermediate and the final product, 
respectively) were plotted as a function of time with 
OriginPro.8 software (OriginLab Corp. Northampton, 
MA, USA); raw data of experiments were used as is, or 
subtracted from the corresponding control experiment 
('background') and zeroed at their initial point. 

RESULTS 

The DNAzyme catalytic cycle: what is known? 
What is assumed? 

The accurate catalytic cycle of the DNAzyme process 
remains to be fully understood; it is usually — and conveni- 
ently — described as hinging on three main events 
(Figure 1A) (10,30): hemin (or porph.Fe(m) complex) 
readily reacts with hydrogen peroxide (H 2 0 2 ) to yield the 
highly reactive radical cation porph.Fe(iv) = 0 + (named 
Compound 1) that withdraws one electron from the 
substrate (herein, ABTS) to lead to the more stable 
ferryl-oxo porph.Fe(iv) = O intermediate (termed 
Compound 2). Removal of another electron from a 
second ABTS molecule enables the collapse of the ferryl 
intermediate (compound 2) back to the ferric resting state 
of the iron. 

This mechanism, behind the advantage of being 
readily understandable, is rather ill-defined and above 
all not accurate enough to provide information as for 
the possible role(s) of ATP. On the basis of literature 
data (31,32), an extended version of a presumable 
DNAzyme catalytic cycle can be built (Figure IB); this 
cycle is composed of 9 steps (from A to I) that can be 
summarized as follows: in the first step, the apical 
ligand of the iron (Cl~ or H 2 0, equilibrium A) is 
displaced by binding of H 2 0 2 (step B), whose cleavage 
(step C) depends upon the participation of an histidine 
residue (in the native enzyme) or of a nucleobase (for 
DNAzyme, whose origin (the surrounding loop?) 
remains to be firmly established) as proton scavenger. 
The loss of a water molecule leads to compound 1 (step 
D), concomitantly with the removal of two electrons, 
one from the iron atom, which becomes a ferryl inter- 
mediate, and the other one from the porphyrin ring that 
acquires a radical cation character. At this stage, a first 
electron is withdrawn (step E) from the substrate 



(ABTS) and this one-electron transfer leads both to 
ABTS + and compound 2; of note, in this process, the 
electron is accepted by the porphyrin that consequently 
loses its radical character. Upon interaction with a 
second molecule of H 2 0 2 , compound 2 is converted 
(step F) into a ferric-hydroperoxy (porph.Fe(m)-0 2 H) 
intermediate that readily decomposes (step G) into a 
ferric-superoxy (porph.Fe(iii)-0 2 ~) species (compound 
3), which may also be encountered under its isoelec- 
tronic ferrous-oxy (porph.Fe(n)-0 2 ) form. The delivery 
of a second electron (withdrawn from another molecule 
of ABTS) converts this intermediate to a ferric-peroxy 
(porph.Fe(iii)-0 2 2 ~) species (step H) that releases its 
peroxy anion (which subsequently decomposes into 
oxygen, water and hydroxy anion) to restore the 
native iron/porphyrin complex (step I). 

This mechanism is particularly focused on the iron/ 
porphyrin complex since it is built on the basis on the 
deep investigations that have been carried out with hem- 
oproteins (like peroxidase and catalase) (31,32); however, 
questions remain about the actual role of the quadruplex 
in this mechanism. It is currently suggested, but not un- 
equivocally demonstrated, that one of the guanines con- 
stitutive of the G-quartet that interacts with the hemin 
flips out from the tetrad plane and supplies the fifth co- 
ordination required for the hemin to be catalytically com- 
petent (10,33). This is somewhat reminiscent of what has 
been observed during quadruplex-platination studies: 
Bombard and co-workers have indeed demonstrated that 
the platination of guanines involved in the external 
G-quartet of a quadruplex is possible after the guanine 
rotates out of the tetrad plane, thereby freeing its 
reactive N7 atom from the Hoogsteen H-bond network 
(34,35). 

Even if already complex, this mechanism is however still 
simplified with regard to what might be the actual cata- 
lytic cycle, which still requires further experimental inves- 
tigations to be firmly established. In light of this data, we 
can thus wonder about the effect(s) of ATP? There are 
likely to be multiple putative ATP roles involved, among 
which three reasonable ones can be postulated (red arrows 
in Figure IB): (i) ATP acts via its nucleoside part and 
plays the role of the distal histidine of the native enzyme 
(step C), i.e. it interacts with and transiently accepts the 
leaving proton from H 2 0 2 bound to porph.Fe(m); (ii) the 
triphosphate tail of ATP is hydrolyzed thereby energizing 
the one-electron transfer steps (E and H), reminiscently of 
what is observed with nitrogenase (36) or reductase 
enzymes (37). This role actually corresponds to the clas- 
sical 'biofuel' use of ATP; (hi) finally, ATP may also act as 
a stabilizing agent, both for radical cations produced by 
the catalysis and, as further detailed hereafter, for protect- 
ing the catalytic entity (hemin, quadruplex/hemin) from 
H 2 0 2 injuries. 

Of course, all these putative ATP roles are not mutually 
exclusive; herein, we will try to decipher the contribution 
of each of these roles, demonstrating that they have strong 
cross-talk between them and they collectively contribute 
to the positive effect of ATP (and NTP in general) on the 
DNAzyme process. 
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Figure 1. Simplified (A) and detailed (B) mechanism of the DNAzyme catalytic cycle. 



Preparatory works: defining the ATP-boosted DNAzyme 
standard protocols 

Before tackling the many challenging aspects of our quest, 
we firstly need to define standard peroxidatic conditions 
supplemented with ATP, in an effort to make the com- 
parison of the subsequent results the most systematic 
possible. 

Optimizing the ATP-boosted conditions for 22AG/ 
hemin-catalyzed oxidations: first step, the choice of the 
chromogenic substrates. Classically, two chromogenic 
substrates are employed to conveniently monitor the 
peroxidatic activity of the quadruplex/hemin systems, 
namely ABTS (38) and TMB (Figure 2) (39). The oxida- 
tion of ABTS {vide supra) leads to ABTS + that is a 
coloured product (deep green), relatively unstable (dispro- 
portionation, Figure 2A), characterized by a typical 
absorbance signal at 420 nm (38); the use of ABTS is gen- 
erally preferred for experiments that are instrumentally 
monitored. The oxidation of TMB (Figure 2B) is a 
two-step procedure with a blue charge-transfer intermedi- 
ate (with typical absorbance signals at 370 and 652 nm) 
and a yellow final product (which elicits an absorbance 
maximum at 450 nm) (39); the use of TMB is generally 
preferred for experiments that are monitored with the 
naked eye. We decided to perform quadruplex-mediated 
peroxidations with both probes, and to systematically 
vary each reactant {viz. ATP, H 2 0 2 , ABTS/TMB and 



hemin concentrations) in order to establish an ATP- 
boosted DNAzyme standard protocol (as a function of 
the probe). These evaluations were performed in our 'clas- 
sical' conditions (24,28), i.e. in Caco.KTD buffer (10 mM 
lithium cacodylate buffer (pH 7.2) plus 10 mM 
KCl/90mM LiCl, 0.05% Triton X-100 and 0.1% 
DMSO) with 22AG (a quadruplex-forming 22-nucleotide 
sequence d[AG 3 (T 2 AG 3 ) 3 ] that mimics the 3'-overhang of 
the human telomeres). 

Optimizing the ATP-boosted conditions for 22AG/ 
hemin-catalyzed oxidations: second step, the definition 
of the standard protocol for both ABTS and TMB oxida- 
tion, i.e. the study of the influence of the concentration of 
ATP, H 2 0 2 , hemin and chromogenic probes on the effi- 
ciency of the oxidation protocol. The catalytic capability 
of a system initially composed of 22AG (0.5 mM), hemin 
(1.0 uM) and H 2 0 2 (0.6 mM) to oxidize ABTS (2.0 mM) is 
monitored via the appearance of the ABTS + UV-Vis 
signal at 420 nm (24,28). As further detailed in the 
Supplementary Data, several rows of experiments were 
conducted to optimize the ABTS oxidation protocol: ex- 
periments were performed with variable amounts of ATP 
(from 0 to 10 mM, see Supplementary Figure 1A), H 2 0 2 
(from 0.6 to 6.0 mM, see Supplementary Figure IB), 
hemin (from 0.25 to 5.0 uM, see Supplementary Figure 
1C) and ABTS (from 0.5 to 15mM, see Supplementary 
Figure ID), and it was concluded, in light of these results, 
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that the standard DNAzyme protocol for 22AG-mediated 
ABTS oxidation is composed of lOmM ATP, 6mM 
H 2 0 2 , luM hemin and 5mM ABTS, in Caco.KTD 
buffer. Similar investigations were performed for 
optimizing the TMB oxidation protocol, with a catalytic 
system initially composed of hemin (1 uM), H 2 0 2 (6mM), 
22AG (10 nM) and TMB (0.1 mM). The catalytic capabil- 
ity of the resulting system is monitored via the appearance 
of the UV-Vis signal of the diimine final product at 450 nm 
(39 — 41 ). According to a similar stepwise progression, 
experiments were performed with variable amounts of 
ATP (from 0 to 15mM, see Supplementary Figure 2A), 
hemin (from 0.25 to 10.0 uM, see Supplementary Figure 
2B), TMB (from 0.1 to 1.0 mM, see Supplementary Figure 
2C) and H 2 0 2 (from 1.2 to 6.0 mM, see Supplementary 
Figure 2D), and it was concluded, in light of these 
results, that the standard DNAzyme protocol for 22AG- 
mediated TMB oxidation is composed of lOmM ATP, 
6mM H 2 0 2 , 1 U.M hemin and 0.25 mM TMB, in 
Caco.KTD buffer. 

Insights into the possible role(s) of ATP 

As above-mentioned, ATP is suspected to enhance the 
proficiency of the DNAzyme catalytic cycle through 
three possible — and not mutually exclusive — roles 
(i.e. H 2 0 2 -activator, electron transfer-energizer and 
damage-controller), whose relevance is hereafter individu- 
ally and sequentially assessed. 

First putative ATP role: it mimics the distal histidine 
residue of the peroxidase enzyme, activating H 2 0 2 for 
facilitating its transfer to the hemin iron atom (i.e. ATP 
is a H 2 0 2 -activator). In peroxidases, a distal histidine 
residue seems to play a crucial role in the activation of 
H 2 0 2 bound to the iron atom (Step C, Figure IB) (31,32); 
a pKa analysis approach of this transfer makes it rather 
paradoxical given that the protonation equilibria of the 
histidine side chain (an imidazole ring, i.e. the equilibrium 
His-Im.H + /His-Im) and H 2 0 2 (i.e. the equilibrium H 2 0 2 / 
H0 2 ~) have pKa values of 2.5 and 11.6, respectively, thus 
rendering the proton transfer very unlikely. However, the 
pKa of H 2 0 2 bound to porph.Fe(m) dramatically drops to 



3.2—4, thereby making this transfer 'less unfavorable' (31). 
Herein, we postulate that externally added NTP may play 
an histidine-like role; a pKa analysis of the protonation 
pattern of the four NTP (ATP, CTP, GTP and TTP) 
reveals that only ATP and CTP display pKa values com- 
patible with this transfer: the equilibria ATP. H + / ATP and 
CTP.H + /CTP are characterized by pKa values of 3.6 and 
4.1, respectively (i.e. in the range or slightly superior to 
that of porph.Fe(m)-H 2 0 2 /porph.Fe(iii)-H0 2 ~), while 
that of the two others NTP makes them unable to assist 
this transfer (TTP/TTP": pKa = 9.8 and GTP.H + /GTP/ 
GTP~: pKa = 2.2 and 9.5). To demonstrate this, we per- 
formed 22AG-mediated ABTS/TMB oxidation reactions, 
boosted by the addition of 10 mM of ATP, CTP, GTP and 
TTP. As depicted in Figure 3, ATP and CTP were found 
equally active to oxidize ABTS (brown and red lines re- 
spectively, Figure 3A) while both GTP and TTP appeared 
poorly catalytically competent (orange and green lines re- 
spectively). Of note, the CTP results are surprising since in 
the initial report from Kong et al. (29), only ATP was 
found competent; as it will be further detailed hereafter, 
this discrepancy originates in our experimental conditions 
(notably in terms of CTP concentration: 10 versus 2mM 
for the present and initial report, respectively), since it 
appears than the boosting ability of NTP is strongly de- 
pendent on its concentration (what we may name the 
critical nucleotide concentration, vide infra). The situation 
is more confused with TMB: ATP displayed obviously far 
better oxidative capabilities than all other NTP if only the 
formation of the final compound is monitored (Figure 
3B); however, results dealing with the production of the 
intermediate (monitored at 652 nm, Figure 3C) are more 
in agreement with that of ABTS (i.e. ATP « CTP » 
GTP > TTP). A possible explanation for such a discrep- 
ancy stands in the cationic nature of the synthesized 
entity: as stated above, the product of ABTS oxidation 
is ABTS' + and that of the first step of TMB oxidation is 
TMB' + , which is in rapid equilibrium with the 
charge-transfer complex, while that of the second step is 
the neutral diimine (Figure 2). CTP appears thus as effi- 
cient as ATP to enhance the production of radical cations 
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Figure 3. Compared DNAzyme activity of experiments carried out with 22AG (100 nM), hemin (1 uM), H 2 0 2 (6mM), ABTS (A, 5mM) or TMB 
(B/C, 0.25 mM), unboosted (black lines, A/B) or boosted by the addition of 10 mM ATP (brown line), CTP (red line), OTP (orange line) and TTP 
(green line). The oxidation of ABTS is monitored via the appearance of the final product typical UV-Vis signal (420 nm, A), the oxidation of TMB 
via that of both the final product (450 nm, B) and the charge-transfer intermediate (652 nm, C). 



(Figure 3A and 3C) but, as seen in Figure 3C, the inter- 
mediate consumption is far more rapid in ATP-rich 
(brown line) than in CTP-rich conditions (red line). 
These results would indicate that CTP might display 
better radical cation stabilizing properties than ATP: 
however, given that saturated UV-Vis signals are readily 
reached for experiments carried out with ABTS, this hy- 
pothesis need to be further verified under different condi- 
tions (lower DNA loadings, longer reaction time, etc.); 
these results will be presented hereafter (see 'Third 
putative ATP role' below). Altogether these results thus 
tend to demonstrate that the 'pKa hypothesis' may be 
valid, i.e. that NTP supplements may play a histidine-like 
H 2 0 2 -activator role. To further bolster this, it was of 
interest to evaluate whether the direct addition of L-histi- 
dine supplement enhances the proficiency of the catalysis, 
reminiscently of what is observed with NTP. As depicted 
in Supplementary Figure 3, L-histidine indeed promotes 
the oxidation of ABTS (the higher the histidine concen- 
tration (lOmM), the better the catalysis), thereby 



supporting our hypothesis. However, the boosting cap- 
ability of histidine is very low as compared with that of 
ATP (Supplementary Figure 3 A and 3B for L-histidine 
and ATP respectively) and, most importantly, the 
ABTS + product is very rapidly degraded in this condition 
(as demonstrated by the fast decreasing of its UV-Vis 
signal, unlike ATP): this observation, alongside the 
residual boosting activity of both GTP and TTP (orange 
and green lines, Figure 3), implies that other mechanisms 
may be implicated: as discussed below, this might be 
related to the ability of NTP to power electron-transfer 
processes (see 'Second putative ATP role' below) and/or 
to protect the various reaction partners (notably the oxi- 
dation products, see 'Third putative ATP role' below). 

Second putative ATP role: its hydrolysis energizes the 
two one-electron transfer steps of the proposed DNAzyme 
catalytic cycle, thus fuelling the two steps in which the 
substrate is oxidized (i.e. ATP is a electron-transfer ener- 
gizer). In the mechanism described in Figure IB, steps E 
and H (one-electron transfer steps) are of notable 
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importance: indeed, it has been recently shown that ATP 
hydrolysis may be intimately linked to electron transfer 
(ET) reaction (36,37). Again, the mechanisms that 
couple ATP hydrolysis to ET, which represents a quite 
unique energy transduction process, is not known in 
detail; Kurnikov et al. elegantly summarized it writing 
that 'one of the mysteries (. . .) is how the energy of the 
phosphate bond hydrolysis is coupled to the electron- 
transfer (ET) reaction' (36). This ATP-driven ET 
provides a novel method to produce organic radicals in 
enzyme-like catalysis, on the basis of the concomitant hy- 
drolysis of two ATP for the transfer of a single electron. It 
is thus not unreasonable to wonder whether such 
ATP-assisted ET takes place herein; a first element of 
response is given by the series of experiments displayed 
in Figure 3: indeed, it is known that the NTP energy is 
related to the exergonic rupture of a phosphodiester bond, 
according to the following equilibrium NTP + H 2 0 -> 
NDP + Pi (with Pi for inorganic phosphate), implying an 
identical energy release (Gibbs free energy 
AG°' = -7.3 kcal/mol) for all NTP (42). Although ATP 
is the ubiquitous energy currency of the cell (43^16), other 
NTP are used in more specialized biogenesis pathways 
(GTP for protein synthesis (47), CTP for lipid synthesis, 

(48) etc.). What makes ATP so unique to power cell reac- 
tions is mainly the result of an evolutionary pressure that 
makes ATP bioavailability greater than all other NTP 

(49) . Herein, the fact that all NTP enhance the catalytic 
oxidation of both ABTS and TMB (coloured lines versus 
black line, Figure 3) indicates that they energize to some 
extent the catalysis; however, the moderate activity of 
both GTP and TTP (orange and green lines, Figure 3) 
implies that the energy release linked to NTP hydrolysis 
plays a limited role to this enhancement. To examine this 
in depth, we decided to evaluate the influence of ADP-N-P 
(for adenosine 5'-(P,Y-imido)triphosphate, also known as 
AMP-PNP), which is a molecule structurally very close to 
ATP in which the terminal P-O-P bond is replaced by a 
more robust P-NH-P bond: ADP-N-P is thus con- 
sidered — and widely used — as a non-hydrolysable ATP 
analogue (50). As depicted in Figure 4, the boosting cap- 
ability of ATP (brown lines) is greatly diminished if 
ADP-N-P is used instead (blue lines), thereby unambigu- 
ously highlighting that the energetic contribution is an 
important feature of the ATP-boosting properties. 
However, the very low boosting capability of ADP-N-P 
(notably for ABTS oxidation, Figure 4A) is somewhat 
unexpected: this thus implies that the various parameters 
responsible for the boosting properties of ATP (H 2 0 2 -ac- 
tivation, electron-transfer powering) are complicatedly 
interlocked. This is further confirmed by the evaluation 
of the boosting ability of ADP: ADP is found less active 
than ATP for boosting the oxidation of ABTS (reminis- 
cently of what has been reported by Kong et al. (29), grey 
line, Figure 4A), and far less active for the oxidation of 
TMB (especially for the production of the final product 
(Figure 4B), while that of the intermediate reaches 
elevated level (Figure 4C), rather like CTP, vide supra). 
These results are in agreement with that of ADP-N-P: 
indeed, ATP, ADP and ADP-N-P display similar pKa 
values; the discrepancies of results obtained with these 



three nucleotides thus enlightens that the H 2 02-activation 
role is limitedly influential in the overall boosting 
capabilities of nucleotides. However, ADP is also a 
high-energy molecule that produces energy upon the exer- 
gonic hydrolysis ADP + H 2 0 -> AMP + Pi 
(AG°' = -7.3 kcal/mol) (42); thus, ADP is expected to 
energize the catalysis similarly to ATP. Given that the 
hydrolysable ADP elicits less boosting capabilities than 
ATP but more than non-hydrolysable ADP-N-P, the 
obtained results enlighten that the electron transfer- 
powering role influences the overall boosting capabilities 
of nucleotides, but only to a certain extent. Collectively, 
these results again underline that the various parameters 
responsible for the boosting properties of nucleotides are 
strongly tangled; the present study is thus useful in that it 
helps identifying these parameters, but additional investi- 
gations are needed to unravel the subtle relationships 
between them. 

Third putative ATP role: it protects the various reaction 
partners, i.e. the hemin, the quadruplex/hemin adduct and 
the radical cations produced by the oxidation (ABTS + , 
TMB' + ), thereby influencing not only the catalysis 
but also the reaction products (i.e. ATP is a damage- 
controller). In their initial report, D.-M. Kong et al. 
indicated that ATP was the only NTP that elicits 
boosting ability; as indicated above, and somewhat con- 
tradictorily, we found that both ATP and CTP display 
boosting competencies. It was thus of interest, before 
going any further, to identify the origins of this discrep- 
ancy. To this end, we studied the boosting capability of 
both ATP and CTP as a function of their concentration 
(from 0.1 to lOmM); as depicted in Figure 5A (for ATP) 
and 5B (for CTP), we interestingly found that this capabil- 
ity is not linearly related to the NTP concentration but 
appears triggered from a threshold concentration (that we 
thus may term 'critical nucleotide concentration 1 ): a sat- 
isfying activity is obtained from 2 mM of ATP and 5 mM 
of CTP, and this explains why CTP activity was not 
detected in the initial report (since used only up to 
2mM). The molecular basis of this critical nucleotide con- 
centration is at present unknown (solubility? supra- 
molecular self-assembly?); we have thus invested 
additional efforts to try to decipher this: to this end, and 
inspired by the reported works from both Kong (29,51) 
and Shangguan (30), we decided to gain insights into the 
protecting abilities of both ATP and CTP, i.e. the capabil- 
ity to protect firstly hemin and quadruplex/hemin adducts 
against H 2 0 2 -degradation, and secondly the radical 
cations produced by the catalysis (i.e. ABTS' + and 
TMB' + ) against disproportionation. For this purpose, a 
first series of UV-Vis titrations were performed with 
hemin alone, hemin in presence of H 2 0 2 and 22AG/ 
hemin adduct in presence of H 2 0 2 . Several interesting 
conclusions can be drawn from the results displayed 
in the Supplementary Data: (i) while hemin is mostly 
found disaggregated in Caco.KTD (A max = 392 nm, 
Supplementary Figure 4A), both ATP and CTP favour 
its aggregated state (A max = 354 nm, Supplementary 
Figure 4B and 4C); (ii) upon addition of H 2 0 2 , hemin 
is rapidly damaged (strong hypochromic shift, 
Supplementary Figure 4D) while its degradation is 
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Figure 4. Compared DNAzyme activity of experiments carried out with 22AG (100 nM), hemin (1 uM), H 2 0 2 (6mM), ABTS (A, 5mM) or TMB 
(B/C, 0.25 mM) in the presence of 10 mM ATP (brown lines), ADP (grey lines) or ADP-N-P (blue lines). The oxidation of ABTS is monitored via the 
appearance of the final product typical UV-Vis signal (420 nm, A), the oxidation of TMB via that of both the final product (450 nm, B) and the 
charge-transfer intermediate (652 nm, C). 



greatly slowed by both NTP (Supplementary Figure 4E 
and 4F), reminiscently of what has been reported by 
Kong and Shangguan (29,30,51); (hi) finally, the 
presence of 22AG does not modify the degradation 
kinetics of hemin alone (Supplementary Figure 4G), 
while it transiently disaggregates hemin in presence of 
ATP/CTP (before addition of H 2 0 2 , Supplementary 
Figure 4H and 31) and does not modify the degradation 
kinetic of hemin (after addition of H 2 0 2 ) afterward. To 
explain these results, our hypothesis is that hemin exists in 
solution both as monomeric (catalytically competent but 
H 2 0 2 -sensitive) and aggregated states (catalytically in- 
competent but H 2 0 2 -insensitive): without ATP/CTP, 
hemin is mainly found as monomer in Caco.KTD 
solution, which is rapidly damaged by the excess of 
H 2 0 2 , thus explaining the rapid catalysis breakdown 
observed in absence of NTP; on the contrary, the 
presence of ATP/CTP favours the hemin aggregated 
state, and the catalytically competent monomeric hemin 
is slowly released in presence of DNA to enter the cataly- 
sis, thereby cleverly counteracting the hemin inactivation 



process. A second series of experiments was carried out to 
investigate the cation-stabilizing properties of ATP, also 
evoked by Kong and Shangguan; as mentioned above, we 
believe that both ATP and CTP share this property. To 
further investigate this, ATP/CTP-boosted DNAzyme ex- 
periments were performed, under non-saturating condi- 
tions (i.e. lower DNA (5 versus 100 nM) and H 2 0 2 (0.6 
versus 6mM) concentrations, notably for experiments 
carried out with ABTS) and longer reaction times (24 
versus 2h, to explore the robustness of the above 
property under harsh conditions). As depicted in Figure 
5C and D, NTP-boosted experiments can be conveniently 
performed over 24hrs, particularly with ABTS (Figure 
5C): indeed, the DNAzyme process catalyzed with DNA 
concentration as low as 5nM keeps on working over 
20hrs in presence of ATP, and even more (>24h) with 
CTP; this indicates that there is no ABTS + degradations 
in these conditions, and consequently that NTP display 
outstanding radical cation-stabilizing properties. As 
above, the situation is more confused with TMB, since 
NTP seem to impact the two steps of the TMB oxidation 
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Figure 5. ATP- versus CTP-boosting capabilities: Compared DNAzyme activity of experiments carried out with 22AG (200 nM), hemin (1 uM), 
ABTS (5mM), H 2 0 2 (6mM) and from 0.1 to 10 mM ATP (A) or CTP (B). Compared DNAzyme activity of experiments carried out with 22AG 
(5nM (C) or lOOnM (D)), hemin (luM), ABTS (A, 5mM) or TMB (B, 0.25 mM), H 2 0 2 (0.6 and 6mM with ABTS and TMB, respectively) and 
10 mM ATP (brown lines) or CTP (red lines). The oxidation of ABTS (A-C) is monitored via the appearance of the final product typical UV-Vis 
signal (420 nm), the oxidation of TMB (D) via that of both the intermediate (652 ran, dotted lines) and the final product (450 nm, plain lines). 



differently: while the intermediate is produced to similar 
extents (dotted lines. Figure 5D and inset), its con- 
sumption is far slower in presence of CTP (~10h) than 
with ATP (~2.5h). Again, this may indicate that CTP 
displays better TMB' + -stabilization property than ATP; 
this certainly contributes but however not completely 
account for the differences of production of the final 
product (solid lines, Figure 5D), thereby highlighting 
that NTP influence the two steps differently, in a 
manner that still remains to be fully understood. 
Altogether, these results unambiguously demonstrate 
that NTP (chiefly ATP and CTP) indeed display 
enticing damage-controlling properties that collectively 
enhance the overall efficiency of the catalysis, stabilizing 
not only the catalytic system but also the reaction 
products. 

Implications in terms of DNA detection 

Both ATP and CTP have thus been identified as valuable 
nucleotide supplements to boost the quadruplex-mediated 



DNAzyme catalysis; however, the greater availability of 
ATP (it can be bought on larger scale, at higher purity 
grade, and is ~50-fold less expensive than CTP) makes it 
the NTP of choice for performing further investigations. 

Extending the use of ATP as boosting agent for 
DNAzyme experiments catalyzed by hemin interacting 
with other quadruplex-DNAs: investigation of the 
quadruplex-dependency of the ATP-boosting capability. 
The present study enlightens that NTP mainly act as 
external factors, i.e. in a fashion that should be independ- 
ent of the quadruplex architecture they are used with. To 
further demonstrate this, we extended the study of 
the ATP-boosting capability to other quadruplex archi- 
tectures of clearly distinct nature (14,52-54): two other 
biologically relevant sequences that form intramolecular 
quadruplexes within the c-myc (d[GAG 3 TG 4 AG 3 TG 4 
A 2 G]) and c-kit (d[CG 3 CG 3 CGCGAG 3 AG4]) promoter 
regions (55); a synthetic quadruplex-forming oligonucleo- 
tide that displays thrombin-binding aptamer properties 
(TBA, d[G 2 T 2 G 2 TGTG 2 T 2 G 2 ]) (56); an intermolecular 
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(tetramolecular) quadruplex TG4T ((d[TG 4 T]) 4 ) (57); 
and the RNA equivalent of 22AG (hereafter named 
r22AG, r[AG 3 (U 2 AG 3 )3] (58), also known as TERRA 
(for telomeric RNA repeat)) (59,60). As depicted in 
Figure 6, ATP has a strong positive impact in all instances 
(dashed line (for experiments without ATP) versus plain 
lines (for experiments with ATP)), for both chromogenic 
probes, thereby supporting the hypothesis according to 
which it mainly interacts as an external factor. The ATP 
effect is herein stronger for 22AG, c-myc, c-kit and r22AG 
than for TG4T and TBA: this observation could enable us 
to conclude that ATP helps to a greater extent the cataly- 
sis mediated by biologically relevant structures rather 
than by synthetic ones; however, to be firmly established, 
this conclusion has to be supported by results gained from 
investigations performed among a broader panel 
of quadruplex architectures. However, these results col- 
lectively support the hypothesis according to which 
NTP enhance the rate of DNAzyme catalysis via an 



external intervention, in a manner that is quadruplex- 
independent. 

Extending the use of ATP as boosting agent for 
DNAzyme experiments catalyzed by hemin interacting 
with multimers of telomeric quadruplex-DNAs: investiga- 
tion of the ATP influence on the detection of the lengthy 
telomeric stretches, for a possible application to improve 
the DNAzyme-based telomerase activity detection assay. 
To further benefit from the established ATP-based high- 
performance catalytic conditions, we decided to evaluate 
the peroxidatic capabilites of multimeric quadruplexes 
(namely 22AG d[AG 3 (T 2 AG 3 )3], 46AG d[AG 3 (T 2 AG 3 ) 7 ] 
and 70AG d[AG 3 (T 2 AG 3 )n]) (24), monitoring reactions 
both with a microplate reader and the naked eye 
(Figure 7). These human telomere mimicking fragments 
of various lengths (that thus fold into multimeric 
quadruplexes) were initially selected since they play a 
pivotal role in an in vitro assay that aims at assessing the 
telomerase activity via DNAzyme processes (24). These 
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experiments were conducted with both ABTS and TMB, 
with or without ATP. Results are displayed in Figure 7 
(the upper panel is composed of several pictures taken 
during the first hour of reaction — of note, a ~3-min 
movie corresponding to the complete 2-hr reaction is 
available as Supplementary Data); several conclusions 
can be drawn from this series of experiments: 

(i) First and foremost, the obtained results firmly em- 
phasize the outstanding positive impact of ATP 
since the wells corresponding to the unboosted 
experiments (labeled '-ATP' for both ABTS and 



TMB) do not elicit any colour, even after 1 hr of 
reaction, implying an undetectable level of catalysis 
in absence of ATP in the conditions of the assay. In 
sharp contrast, the wells corresponding to the 
boosted experiments (labeled '+ATP') all display 
colours from which a lot of information can be 
withdrawn (see the points below), 
(ii) Second, these results clearly demonstrate the super- 
iority of TMB over ABTS for experiments moni- 
tored with the naked eye since TMB offers a wide 
colour palette that corresponds to the various stages 
of the catalysis (detailed in the left lower panel, 
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Figure 8. Compared DNAzyme activity of experiments carried out with various amount of 22AG (from 200 nM to 0.2 nM), hemin (1 uM), H 2 0 2 
(6mM), ABTS (A, 5mM) or TMB (B, 0.25 mM) and 10 mM ATP (plain lines). The oxidation of ABTS is monitored via the appearance of the 
typical final product UV-Vis signal (420 nm, A), the oxidation of TMB via that of the final diimine product (450 nm, B). 



Figure 7): blue for the charge transfer intermediate 
(which appears within 5min for the three DNA); 
green for a mixture of the blue intermediate and 
the yellow final product (particularly visible with 
46AG at 10 min); and yellow for the final diimine 
(obtained with 46AG and 70AG after 60 min of 
reaction). In contrast, ABTS wells elicit only 
various tint levels for green colour. Moreover, the 
difference between DNA-catalyzed reactions and 
background controls (labeled 4 no DNA') is also 
easier with TMB than with ABTS since, once 
more, it relies (e.g. after 60 min of reaction) on a 
difference of colours with TMB (blue versus yellow) 
and only of green intensity with ABTS (light versus 
dark green). Finally, the TMB-related colours 
enable also to gain deeper insights into the catalytic 
capabilities of the various studied DNA: the yellow 
colour of the final product is more rapidly obtained 
with 46AG than with 70AG, while 22AG wells stay 
green even after 60 min of reaction. Thus, TMB 
enables an easier ranking of catalytic proficiencies 
(herein 46AG > 70 AG >> 22AG, in agreement 
with our previously reported results) (24) than 
ABTS. 

(iii) Third, it is however important not to underestimate 
the interest of ABTS: indeed, — as it will be further 
detailed hereafter — ABTS provides generally a more 
rapid and intense response, with a higher 
signal-to-noise ratio. The lack of colour difference 
between the three DNA after 20 min of reaction ori- 
ginates in the fact that saturated levels of ABTS + 
are already reached, even at 100 nM DNA scale 
(as seen in the right lower panel, Figure 7). ABTS 



is also more practically convenient than TMB 
(i.e. its oxidation leads to a unique product; its 
use is far easier to optimize than TMB) and, last 
but not least, it provides a long-lasting response 
(>20hrs), as unambiguously demonstrated by the 
experiments whose results are displayed in Figure 5. 

Benefitting from the optimized ATP-boosted 22AG/ 
hemin-catalyzed DNAzyme protocol: lowering the limits 
for DNA detection to nanomolar ranges. We finally 
decided to benefit from these exquisitely efficient 
ATP-boosted conditions to determine the lower limits 
(in terms of concentration) at which DNA can be 
reliably detected. These investigations were performed 
with the moderately active 22AG, within a range of 
nanomolar (200 nM) to picomolar (200 pM) concentra- 
tions. Results displayed in Figure 8 clearly emphasize 
the high performances of the ATP-based DNAzyme cata- 
lyses, with a reliable detection in the low nanomolar range 
with both probes. A closer look to this series of results 
indicates the overall better performances of ABTS over 
TMB, in terms of both efficiency (ABTS enables a 
reliable detection of only 2 nM DNA (purple lines) while 
the threshold reached by TMB is at 5nM (brown lines)) 
and — above all — rapidity of detection (for a given DNA 
concentration (e.g. 20 nM, orange lines), a reliable 
response is obtained within 5 min with ABTS while it 
requires ~50 min with TMB). 

Altogether, these results support the initial postulate 
(vide supra) according to which ABTS and TMB should 
be respectively preferred for experiments that are instru- 
mentally monitored (for the former) and monitored with 
the naked eye (for the later), both of them being anyway 
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high-performance quadruplex-mediated DNAzyme 
chromogenic substrates. 



DISCUSSION 

Since its discovery in 1994 (8), the catalytic capability of 
DNA has continued to garner much interest in the scien- 
tific community because of the virtually unlimited 
applications in developing new molecular devices 
(5-7,10,16-18). However, the search for innovative appli- 
cations has somewhat taken up too much scientist atten- 
tion and has kept the limelight away from that of ways to 
improve its overall efficiency. Credence has been lent to 
this strategy by the recent works of D.-M. Kong and 
co-workers in which they demonstrate that the quadru- 
plex-based DNAzyme proficiency can be enhanced by 
ATP supplements (29). Herein, we have made a further 
leap along this path, investigating in detail the influence of 
all the parameters that govern the catalytic efficiency (i.e. 
the concentrations of hemin, H 2 0 2 , ATP and substrate), 
extending the study to other nucleotides (ATP, CTP, 
GTP, TTP and ADP-N-P), various quadruplex forming 
oligonucleotides (22AG, c-myc, c-kit, TBA, TG4T, 
r22AG, 46AG and 70AG) and chromogenic probes 
(ABTS and TMB). The obtained results not only serve 
to acquaint us with the possible NTP roles as boosting 
agents (i.e. H 2 0 2 -activator, electron-transfer energizer 
and radical damage-controller), but also enable us to 
gain insights into what might be the actual DNAzyme 
catalytic cycle (which still remains a question open to 
debate). They also cast a new light on the importance of 
the choice of the substrates: both ABTS and TMB are 
high-performance probes, having however their own 
trade-offs (ABTS oxidation is faster and more sensitive 
than that of TMB, but TMB provides a more insightful 
colour response). The real-time 96-well plate experiment 
displayed in Figure 7 (and the corresponding movie as 
Supplementary Data) itself epitomizes the power of NTP 
(chiefly ATP) as boosting agents: even with a DNA con- 
centration in the low nanomolar scale (100 nM), the wells 
corresponding to NTP-boosted reactions ('+ATP') all 
elicit a strong colour response, whatever the nature of 
the quadruplex catalyst, while the ones corresponding to 
the unboosted catalyses ('—ATP') stay colourless. 

The development of DNAzyme conditions with incre- 
ased effectiveness might provide a novel avenue to innova- 
tive quadruplex-based nanodevices; the strong emphasis 
on the positive impact of NTP reported herein clearly 
highlights the enticing advantages of this approach: since 
the DNAzyme catalysis proficiency is more than 100-fold 
enhanced by NTP supplements whatever the nature of 
both the quadruplex and the probes, there is little doubt 
that the present strategy may be applied to virtually all 
desired applications. Thus, we believe that the present 
study is an important step for the DNAzyme research 
field since it offers a scientific basis from which new ex- 
periments would not be attempted anymore without NTP 
supplements. 



SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online: 
Supplementary Figures 1-4 and Supplementary Movie. 
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